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CHAPTER I 
 
 
 
INTRODUCTION 
 
 
 
1.1 Background 
 
 Global environmental problems such as global warming, acid rain, ozone 
layer depletion and photochemical smog have become serious problems all over the 
world. Pollution and environmental degradation are discussed in a great deal today, 
but it is often spoken of in a way that is disconnected from its cause. Conventional 
energy processes can cause major problems to the environment, and it is important to 
consider energy issues alongside environmental issues in order to seek solution 
effectively. 
 
The increasing use of gas turbine power plants for electricity generation, motor 
vehicles and other industrial application causes atmospheric pollution. For several 
decades, the gas turbine has been the prime movers for aircrafts, due to the 
tremendous advantages in term of speed, fuel economy and passenger comfort.  
 
The combustion of fossil fuels is also a major contributor of four main 
environmental concerns. These environmental problems are caused by air pollution 
that contains oxides of nitrogen, carbon monoxide and oxides of sulphur. These 
environmental problems concern has prompted many governing bodies to legislate 
new regulations regarding emissions from combustion process in the hope that these 
environmental problems will be reduced.
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1.2 Review of Previous Works 
 
Past researchers who studied on the effect of varying the swirl strength were 
mainly interested on the flow pattern and temperature profiles resulted from varying 
the swirl strength. They were emphasizing the effect of swirl on the generation of 
torroidal central recirculation zones and flame geometry rather than the effect of 
swirl strength on emissions formation.  
 
Mikus, T. and Heywood, J.B. (1971) in their work on automotive gas turbine 
concluded that leaning out the primary zone or reducing the residence time of 
conventional combustor designs using conventional fuel injection techniques was 
unlikely to reduce NO emissions enough to meet emissions standard. This was due to 
the presence of stoichiometric fuel and air ratio in parts of the flow within the 
primary zone even if the excess air was present. To achieve a significant reduction in 
NO emissions, combustors need to be developed with both a leaner and more 
homogeneous fuel and air ratio distribution in the primary zone that is attainable in 
conventional designs.  
 
Mestre (1974) compared the effect of swirling and non-swirling system on 
combustion. He demonstrated that swirl helps to improve combustion efficiency, 
decreases all pollutants and increases flame temperature. He also observed that 
during the present of swirl, a shorter blue flame was observed indicating good 
mixing while non-swirling system showed a longer yellow flame indicating that there 
is still some fuel left unvapourized. 
 
A series of combustor tests were conducted by Mularz et. al. (1975) to 
evaluate three improved designs of swirl-can combustor modules, using axial 
swirlers and their objectives were to obtain low levels of exhaust pollutants while 
maintaining high combustion efficiency at combustor operating conditions. He came 
with an opinion that swirl-can modules consisted of three components; a carburettor, 
an inner swirler and a flame stabiliser.  The functions of the module were to mix fuel 
and air, swirl the mixture, stabilise combustion in its wake and provide large 
interfacial mixing areas between the bypass air around the module and combustion 
gases in its wake. They found that swirl-can combustor model performed with high 
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combustion efficiency at all conditions tested but the NOx emissions were still higher 
than the maximum allowable level of 20ppm which was needed to achieve the 1979 
Environmental Protection Agency (EPA) emissions standards. 
  
Meanwhile, Ballal and Lefebvre (1979), in their study, stressed that for a 
premixed flame, the weak extinction limits were governed mainly by inlet air 
temperature, to a lesser extent by air velocity and turbulence level and were almost 
independent of pressure. 
 
Past researchers also have studied the effect of varying the vane angle, which 
in turn vary the swirl number, on combustion performance. Claypole and Syred 
(1981) investigated the effect of swirl strength on the formation of NOx. At swirl 
number of 3.04, much of the NOx in the exhaust gases was recirculated into the flame 
front. The total emissions of NOx were reduced, however, at the expense of reduced 
combustion efficiency. 
 
Noyce and Sheppard (1982) investigated the influence of equivalence ratio on 
air and fuel mixing. They suggested that at low and high power conditions the high 
CO emissions could be minimised by better mixing. 
 
Al-Kabie (1989), on the other hand, studied the effect of radial swirler on 
emission reduction in gas turbine combustor. In his study, he imposes swirler 
expansion ratio of 1.8 to achieve adequate combustion efficiency. Al-Kabie, in his 
study, showed that high efficiency was not achieved in weak region until there was a 
significant outer expansion and associated recirculation zone. However, there was a 
little influence of the expansion ratio on the weak extinction limit. Alkabie have 
shown that if fuel is injected into the outer recirculation zone, in the corner of the 
dump expansion region, then NOx emission are high as this recirculation zone has a 
high residence time and low refreshment rate with air. To minimise this effect for 
burner application, the use of an orifice restriction at the outlet of the wall fuel 
injector was used. The intention was to deflect any fuel in the wall region radially 
inwards into the shear layer. Various non-conventional fuel injection methods was 
studied such as swirler vane passage, radial central and wall injection were used with 
gaseous propane and natural gas and liquid kerosene and gas oil. The test was 
  
4
conducted using lean-lean two stage combustion concept. He demonstrated that there 
is no significant effect on NOx emissions by varying the vane angle from 20o to 60o, 
hence varying the swirl number from 0.41 to 3.25, respectively. However, he found 
that at very high swirl number of 3.25, NOx emissions were considerably higher than 
the rest at all associated equivalence ratios for two different inlet air temperature of 
400 K and 600 K.  This may be due to increased residence time in the rich stabilizing 
shear layer and hence increased NOx emissions. The same effect was demonstrated 
when he switched from natural gas to propane. Another way to increase the strength 
of swirl without changing the vane angle is to decrease the vane depth of the swirler. 
Combustion efficiencies were also improved as the swirl strength increased. 
Increasing the swirl strength also extends the lean flammability limits. 
 
Bicen et. al. (1990), have reported temperature and species measurements for 
annular and tubular combustors using the same axial swirler for flame stabilisation. 
The annular combustor was operated at an air/fuel ratio of 29 and fuelled by natural 
gas; it displayed a marked improvement in combustion efficiency, 94% compared to 
69%, when the inlet air temperature was raised from 315K to 523K. This 
improvement was observed to be a result of improved fuel and air mixing. 
Meanwhile, the tubular combustor was operated at a leaner fuel/air ratio of 57 and 
fuelled by propane, showed a more modest improvement in combustion efficiency, 
97.7% compared to 98.8%, when the inlet air temperature was raised from 315K to 
523K. They then concluded that from detailed measurements, the increase in 
efficiency was due to improved mixing in the combustor. Whitelaw commented that 
combustor aerodynamics was more dominant characteristic compared to chemical 
kinetics in the primary zone combustion (Bicen, A.F. et. al, 1990).  
 
Escott, N.H. (1993) studied the combusting flow of three method of swirling 
generation namely single, coswirl and counterswirl. He used three basic fuel 
injection modes of swirler vane passage, central and wall injection. Escott finds that 
low NOx emission was achievable through central fuel injection mode, but the lowest 
emission results were shown by wall injection method. However, Escott insisted that 
the results were strongly dependent on the input temperature and pressure provided 
to the flow. Escott also run an experiment on simple fuel staged injection system and 
concluded that there was no improvement in either emission or stability compared to 
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non-staged modes. Coswirl and counterswirl combustion system with passage fuel 
injection into half of the air flow improved the flame stability but with unacceptable 
increase in NOx emissions. From his observation, he concluded that lower NOx 
emission was generated by counterswirl system with deteriorated flame stability due 
to more vigorous air mixing and consequently leaner fuel occurring in the interjet 
shear layer. 
 
Kim, M.N. (1995), in his study, stresses on curved blade radial swirlers with 
wall injection and vane passage injection. The fuels were natural gas, propane and 
gas oil. He concluded that vane passage injection mode produce lower emission 
results compared to 76mm wall injection because of wall injections mode injects the 
fuel in the high residence time corner recirculating zone. This created locally rich 
zone and high thermal NOx. He also find that natural gas produce lower emission 
compared to propane due to the better fuel and air mixing between natural gas and air 
since natural gas has a lower molecular weight than propane which means high 
diffusivity action and natural gas can be quickly dispersed into turbulent region of 
shear layer and hence low NOx formation.     
 
Mohd. Radzi Mohamed Yunus (2002), studied the effect of varying swirler 
vane angles on emissions reduction. He found that optimum swirler vane angle for 
NOx emission found to be 60o; for CO was 80o and for SO2 was 70o. He suggested 
that recirculation zone size and turbulence flow affects emissions significantly.  
 
Present researches give more importance on post combustion method which 
could reduce double of the amount of emissions that was reduced by pre-combustion 
methods. But, this probably increases the cost. The raise of awareness on importance 
of emission reduction makes researchers to emphasize on post combustion methods.  
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1.3 Problem Statement 
 
Current researchers hastily moved their intension to post combustion methods 
as they found out that post combustion methods could possibly reduce emissions 
twice of the pre combustion methods. But, take note that this would heavily increase 
the cost which would discourage the industries to venture in. Besides that, post 
combustion methods at present situation were almost impossible to apply in aircraft 
engines as it would increase the engine weight which opposes the aircraft 
applications requirement of producing low weight-high trust engines. This research 
concerns on the above mentioned problems and carried out a study to discover a 
better solution on reducing emission from gas turbine, mainly for aircraft 
applications.  
 
 
 
1.4 Objective of Research 
 
The objective of this research is to develop a low emission liquid fuel burner. 
The main concern is on reducing NOx emission, as the controlling technique for CO 
and SO2 emission has already been included in the NOx controlling techniques. The 
idea is to prevent the formation of NOx emission through rapid mixing combustion 
system. The research includes design, build and test of the combustion chamber, air-
fuel atomizer, swirler and air-fuel system. Various swirler vane angles with different 
orifice plate diameters at two fuel injection positions will be carried out to study the 
emissions and temperatures characteristic. 
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1.5 Scopes of Research  
 
(i) Study the literature on combustion chamber designs, rapid mixing 
systems, injector requirements and air fuel system. 
(ii) Study the NOx emission characteristic and controlling techniques. 
(iii) Design of combustion chamber, air-fuel atomizer, swirlers and air-fuel   
system. 
(iv) Build the combustion chamber, air-fuel atomizer, swirlers and air-fuel 
system. 
(iv) Test of various swirler vane angles with different orifice plate diameters 
at two injection positions. 
(v) Emissions & temperature measurements on each burner configurations. 
(vi) Adjustment and modification of burner system to obtain the lowest burner 
emissions. 
 
 
 
1.6 Limitation of the Study 
 
(i) The research will be conducted using four different swirler vane angles of 
30o, 40o, 50o and 60o.  
(ii) Three orifice plate diameters of 20mm, 25mm and 30mm will be used for 
experimental testing to study the effect of orifice plate insertion. 
(iii) Fuel injection is placed at two positions that is at 15mm upstream or 
downstream from the swirler exit.  
(iv) Diesel fuel used was supplied by Universiti Teknologi Malaysia, which is 
obtained bulkily from Petronas fuel station. 
(v) The geometry of combustion chamber, fuel injector, orifice plates and 
swirlers are as designed. 
(vi) Fuel and injection air are pressurized constantly at 2 bar.  
(vii) Flow rate of injection air is constant at 170 l/m.  
(viii) Swirling air flow rate will be varied from 24 CFM to 9 CFM, which is 
from 679.608 LPM to 254.853 LPM. 
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1.7 An Outline of the Study 
 
 
This thesis consists of seven chapters. Chapter one describes briefly on the 
problem statement of current research. Problem statement reveal lacks of previous 
researches and illustrates the significant of this research. However, there were some 
limitations in the study which has been expressed.       
 
Chapter two discusses thoroughly on the literature study. Four main items of 
gas turbine combustor; combustion chamber, flame stabilizer, fuel injector and air-
fuel system has been discussed fundamentally. The impact of the emissions towards 
environment and human was explained in detail. The requirement that to be fulfilled 
on producing a good combustion chamber, flame stabilizer, fuel injector and air-fuel 
supply has been discussed for better understanding. Besides that, varieties of these 
four items have been highlighted in this section to study the availability and 
manufacturability of these items.  
 
Meanwhile, chapter three concerns on the emissions behaviour and emissions 
controlling methods. Main concern of this research is to improve the NOx emissions 
as CO emissions could be reduced through good mixing of air and fuel. NOx 
emission control techniques have been described briefly. 
 
Chapter four, on the other hand, emphasize on the burner design concepts. 
This chapter explains the requirement required to build a burner. All four main items 
of combustor; combustion chamber, swirler, fuel injector and air fuel system design 
concepts has been discussed.   
 
Chapter five elaborates on the experimental testing setup. This chapter 
describes clearly on the equipments and instrumentations used for the entire 
experimental testings. There were also guidelines on how the experiment has been 
conducted.     
 
Chapter six confers about the experimental results and discussion on the 
combustion performance of that carried out in the experimental testing. Results has 
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been compared between four different swirler vane angle of 30o, 40o, 50o and 60o 
using three different orifice plate sizes of 20mm, 25mm and 30mm at upstream and 
downstream injection position. The behaviour of the emission results and 
temperature profiles was discussed thoroughly.  
 
Chapter seven concludes the emission results and temperature profiles 
discussions. Recommendation for future work has been stressed in this chapter to 
provide inspiration for future researchers to continue delivering improvement in 
emission reduction from pre combustion burners.  
 
 
